I. INTRODUCTION

C
ONDUCTED EMI generated by one equipment gets coupled to another equipment mostly through power line cables and can be attenuated (controlled) by using power line EMI filters. Conducted EMI has two components: The common mode (CM) interference and differential mode (DM) interference. The generation and coupling mechanism and the paths of CM interference and DM interference are different and therefore separate filters (CM filter and DM filter) are required to filter (attenuate) them. Both these components of the power line filter can be embedded into a single filter topology as shown in Fig. 1 .
The coupled inductor L c and capacitors C y 1 and C y 2 form the CM filter, while the inductors L D and capacitors C X 1 and C X 2 form the DM filter. To design the filters, it is necessary to measure the CM and DM components separately and to obtain their frequency spectrum. Therefore, a CM-DM separator is necessary, which can separate out the two noise components and their frequency spectrum can be obtained. In the past, several techniques have been proposed to separate out the CM and DM components [3] , [4] . The output of the CM-DM separator is fed into a spectrum analyzer and the corresponding frequency spectrum is obtained. This data is fed into a personal computer (PC) (typically through a GPIB connection) for further processing and design of the filter components. Shih et al. [5] have described a novel filter design procedure. Chang et al. [6] have used LabVIEW software for designing the EMI filters. Fig. 2 shows the conventional setup used for displaying the CM interference and DM interference spectrums and designing the filters.
It may be noted that the conventional measurement set-up requires quite a few accessories, namely, an LISN, a CM-DM separator circuit, a spectrum analyzer (SA), GPIB connection, and a PC. Time-domain measurement techniques using digital storage oscilloscopes (DSOs) provide a viable alternative to the conventional method. The conventional method gets particularly tedious when, for example, quasi peak detection needs to be performed.
In the past, a few attempts have been made to apply the time-domain measurement techniques for EMI [7] - [9] , but the focus has only been on radiated EMI. Schutte and Karner [7] have compared the time-domain and frequency-domain 0018-9375/$20.00 © 2006 IEEE electromagnetic susceptibility testing. The frequency response of simple devices, such as microstrip and coupled microstrip, have been calculated using impulse testing in time domain. The results are identical to those obtained with frequency-domain tests. It shows that time-domain measurements can be used in place of frequency-domain measurements and the former provides a simple, inexpensive, and fast tool of analysis than the latter. Krug and Russer [8] have described a fast measurement technique for radiated EMI, where the noise is sampled in time domain and the corresponding frequency spectrum is obtained by computing the fast Fourier transform (FFT) and the periodograms on a PC. This type of measurement is considered better than the one with a spectrum analyzer because in the former both magnitude and phase information can be obtained. Also, a number of other statistical virtual measurements can be realized using the time-domain sampled data. Krug et al. [9] have shown how a time-domain measurement system can be used to simulate the conventional detection equipment, e.g., peak-, average-, RMS-, and quasi-peak-detector through digital signal processing. Some other researchers have also reported time-domain techniques for EMI measurements, but they too deal with radiated noise only. To the best of authors' knowledge, no literature is available which describes time-domain measurement techniques for conducted EMI filter design.
In this paper, a new time-domain technique for the design of EMI filter in the frequency range 150 kHz-30 MHz is proposed. The main objective of this work is to reduce the accessories required for the design of EMI filters, thereby bringing down the efforts and cost and making the system more compact and reliable. As per the proposed scheme, the signals from an LISN (or current probes) are acquired into a DSO having fast sampling, storing, and processing capabilities. The CM and DM components are separated in the DSO using its inbuilt add and subtract features and are stored in the memory of the oscilloscope as text files [10] . The data stored in these * .txt files is processed by an especially designed filter design software (FDS), also residing in the oscilloscope. The FDS computes the FFT and the frequency spectrum of CM interference and DM interference components and then goes on to compute the values of filter components as per the algorithm built into the software.
The proposed scheme obviates the need of a CM-DM separator (which is usually a proprietary circuit), a PC for carrying out the necessary computations, an SA for viewing the spectrum of the noise, and the GPIB connection for data transfer. Hence, the proposed measurement setup is more compact and cost effective as compared to the conventional setup depicted in Fig. 2 . However, it must be emphasized that the intention is not to replace the existing, conventional EMC test procedures and apparatus with the proposed method, but only to provide a quick and convenient method of designing power line filters.
It must be pointed out that the scope of the proposed technique is not limited to any specific DSO. Any other DSO with a minimum of two input channels, adequate sampling capability, inbuilt math features (e.g., add and subtract), and sufficient data storage capacity can be used. Since almost all the available DSOs have these features, the proposed scheme is expected to be quite versatile. Because of stiff competition, DSOs with advanced features are now affordable and are generally available in all electronic labs around the globe. The only difference could be that if a DSO does not have inbuilt code compilation and execution facilities (like Agilent's 54810A has), the data can be transferred to a PC through a GPIB cable. Again, PCs are commonly available in all the labs. The main point here is that even a low cost DSO with desired features can be used instead of a costly spectrum analyzer, and the need for a separate CM-DM separator (usually a patented circuit) is obviated.
The remaining of this paper is organized into the following sections. Section II describes the method and apparatus for the acquisition of noise data using time-domain measurements. Section III presents the details of the computational analysis carried out by the FDS. It includes the frequency spectrum determination using the FFT and the power spectrum estimation using the Bartlett and Welch periodograms. A flowchart of the algorithm used in the FDS and the calculation details required for computing the filter components' values are also described in this section. In Section IV, switched mode power supply (SMPS) examples, based on flyback converter topology, have been considered to demonstrate the design of EMI filters using the proposed technique. Section V presents the major conclusions of this work.
II. TIME-DOMAIN MEASUREMENTS
The proposed time-domain technique makes use of an LISN to sense the line noise. Block diagram of the measurement setup using LISN is shown in Fig. 3 . Fig. 4 shows the actual experimental setup. The LISN, fabricated as per CISPR16 standard, is shown towards the right in Fig. 4 . The LISN allows the 50 Hz (or 60 Hz) mains supply signal into the EUT without attenuation, but does not allow the noise to go through.
The noise generated by the EUT is filtered and tapped from the LISN's outputs L (line) and N (neutral). The EMI present on the line and neutral phases obeys the following relations:
The two signals given by (1a) and (1b) are fed into the two channels of the DSO as shown in Fig. 3 . The line output of the LISN is fed into channel 1 of the DSO and the neutral output of the LISN is fed into channel 2 of the DSO. The DSO samples the time-domain signals. The inbuilt add and subtract features of the DSO are used to separate the CM and DM noise. The two channels of the DSO are added and subtracted online to separate the CM and DM noise components as follows:
The sampled time-domain CM and DM noise data, after separation, is stored as text files. The advantage of this measurement method is that the separated CM and DM time-domain data is obtained without using a CM-DM separator. This assumes significance considering that the design of CM-DM separator is quite challenging. It has two inputs and they both should be identical to each other to avoid errors due to phase shift. It should be compact and components should be properly mounted to avoid errors due to connections and soldering. To avoid errors due to radiation interference with the CM-DM separator circuit, it is desired to shield it properly. Since EMI extends in the MHz frequency range, good quality magnetic cores are required that can operate at high frequency. The proposed experimental setup eliminates all the problems described above.
A FDS, written in C language resides in the DSO memory. It reads the data as per (2a) and (2b) and processes it using signal processing techniques as described in Section III. This speeds up the filter design process and eliminates the possibility of human error during analysis and computations.
III. COMPUTATIONAL ANALYSIS
It is well known that filter design algorithms require frequency-domain analysis of signals. Therefore, in the proposed time-domain technique, the design of power line filters requires the computation of the frequency components of the time-domain signals. The frequency spectrum of a time varying signal is obtained by computing the FFT of the sampled data. In case of noise signal, however, where there is a certain degree of randomness involved, it is more appropriate to compute power spectral distribution of the signal using the Bartlett and Welch periodograms. The FDS designed for this work can compute the FFT or the Bartlett or the Welch periodograms, depending on user's selection.
A. Magnitude and Power Spectrum Using FFT
The frequency spectrum of a time-domain signal is obtained through DFT. The N -point DFT, X[k] of a sequence x[n] of length N is given by
FFT of both CM interference and DM interference data (stored as * .txt files) is then computed by the software, which gives the magnitude of the voltage V mag in dB. This voltage can be expressed in dBµV using the following relation:
The voltage spectrum plot is compared with the limit line (imposed by the relevant EMC standard) to compute the attenuation required from the filter. In EMC standards, the limit line is usually specified in terms of dBµV, so the magnitude spectrum obtained in (4) is compared with the limit line, which is described as follows:
where V (CM req)dBµV and V (DM req)dBµV is the amount of attenuation required for CM interference and DM interference, respectively; V (CM)dBµV and V (DM)dBµV is the frequency spectrum of CM interference and DM interference, respectively; and V (Limit)dBµV is the limit line as per EMC standards. 6 dB are added to the required attenuation so that the EMI is below the limit line by 6 dB as a factor of safety. From the attenuation plots, the corner frequencies of the CM and DM filters are determined.
In the selected topology the filters are of second order, so the attenuation provided by them is approximated by a 40-dB/decade line. The 40-dB/decade line is drawn by the FDS on the semilog graphical plot. Keyboard is used by the user to slide the 40-dB/decade line along the frequency axis (x-axis) until it is tangent to the interference plot V (CM req)dBµV given by (5) . The horizontal intercept of the line gives the CM filter corner frequency. Similarly, the DM filter corner frequency can be determined from the horizontal intercept of the 40-dB/decade line drawn tangent to the DM attenuation plot. Once the corner frequencies are known, determination of filter component values (L and C) is straight forward.
The power spectrum can be computed from the magnitude spectrum using the following analysis:
where V mag is the magnitude of the voltage in volts, and R is the resistance in ohms across which the voltage is measured.
Expressing the power in dBµW
Since the voltage (noise signal) is measured across the standard 50 Ω resistance, i.e., R = 50 Ω, therefore
All these computations are performed by the developed FDS.
B. Spectrum Estimation From Bartlett and Welch Periodograms
An alternate representation of the frequency spectrum of a time-domain signal can be computed using the Bartlett and Welch periodograms. These periodograms compute the average of the spectrum obtained from the FFT of the time-domain segments of the sampled signal. The spectrum estimation based on a periodogram is a nonparametric method because no assumption is made about how the data was generated [11] .
In the Bartlett periodogram, the N -point sequence is subdivided into k nonoverlapping segments, where each segment has length m.
The periodograms for all the k segments are computed and averaged to obtain the Bartlett power spectrum estimate.
Bartlett periodogram reduces the frequency resolution by a factor of k. However, the advantage is the reduction in variance by a factor of k. In the computation of the power spectrum using Welch periodogram, the data segments are allowed to overlap. The data segments are windowed prior to computing the periodogram. The periodograms for all the k segments are computed and averaged to obtain the Welch power spectrum estimate.
where u is the normalization factor for the power in the window function and is given by
Welch periodogram reduces the variance by a factor of 16 k/5 for a 50% overlap. The advantage of the Welch power spectrum estimate is that the variance is smaller than that obtained with the Bartlett power spectrum estimate.
Broadband time-domain measurement techniques allow emulation of the modes of operation of conventional analog EMI measurement systems, e.g., peak, rms, average, and quasi peak detection [8] . For a formal EMC compliance test, time-domain measurements are not better than the conventional EMI receiver measurements. However, time-domain EMI measurement system, presented in this paper, can be achieved with a commonly available DSO and is both economical and convenient. Further, the time-domain measurements are much faster than the conventional methods as described in [8] . Bartlett or Welch periodograms (average FFTs) can be compared to FFC quasi-peak or CISPR measurements with an accuracy of 3 dB [8] .
The proposed time-domain method does not claim to replace the conventional EMI measurement methods for EMC testing of any equipment. The work described in this paper presents a method of capturing EMI using a high end DSO and without using CM-DM separator and computing the EMI spectra using signal processing. The paper describes how signal processing methods can be used for designing a power line filter. The errors involved in the measurement can be taken into account by the FDS, and appropriate margins can be incorporated during the filter design to compensate the errors.
In this work, Bartlett periodograms have been preferred over Welch periodograms as the former requires less memory storage as compared to the latter. Available memory storage may be a critical issue in some DSOs. The Welch periodograms may provide better results but the difference may not be too significant and can be taken care of by keeping appropriate margin in the filter design.
The software computes the spectrum of both CM interference and DM interference and displays it on the DSO screen. The spectrum plot is compared with the limit line and the attenuation plot is computed. From the attenuation plot the corner frequencies for the CM and DM filters are determined and from the corner frequencies the filter component values are determined.
As mentioned earlier, the filter topology used for power line filter can be represented in the form of a second order filter. The bode plot of the CM and DM attenuation is represented by a 40-dB/decade line crossing the x-axis (frequency axis) at the cutoff frequency. Thus, the cutoff frequency is determined from the attenuation plot of the power spectrum of the signal. Fig. 5 shows the flowchart of the software (FDS).
IV. DESIGN EXAMPLES
Switched mode power supplies (SPMS) are now being extensively used in space constrained energy efficient applications like hand-held portable equipment, space crafts, missiles, etc., because of their high power to weight/volume ratio. To achieve high power to weight/volume ratio they are operated at high frequencies (typically of the order of tens to hundreds of kilohertz), which brings down the weight and volume of the magnetic components used in these supplies. However, the increased operating frequency leads to an increase in both the conducted and radiated EMI in these systems.
To demonstrate the filter design with the proposed scheme an example is given in which a dual output, flyback-type SMPS (Fig. 6 ) is considered. The output voltage of the flyback SMPS can be regulated by using "duty ratio control" of the switching power device S1. S1 could be a power MOSFET, an IGBT, or a Bipolar Junction Transistor, depending on the requirements of power and switching speed of the device. As can be verified Fig. 7 . DM noise spectrum of the SMPS (without EMI filter) computed by the developed software using direct FFT.
from the "dots" given on the windings of the transformer T1, when S1 is ON, the energy is stored in the inductance of T1. When S1 is OFF, this stored energy is transferred to the output section of the supply. Several paths exist for the CM and DM noise in such a system [12] .
Example: A laboratory prototype of a 45-W, dual-output, flyback-type SMPS was built with specifications shown in Table I .
The measurements were performed as per the proposed scheme, to generate the CM interference and DM interference data. The frequency spectrum plots of both the DM interference and the CM interference can be computed by the FDS using direct FFT, as explained in Section III-A or by using Bartlett and/or Welch periodograms, as explained in Section III-B. The DM interference frequency spectrum computed from direct FFT is shown in Fig. 7 .
The DM interference spectrums computed using the Bartlett and Welch periodograms are shown in Figs. 8 and 9 , respectively.
The nature and trend of EMI in the three spectrums (Figs. 7-9 ) is close to each other. However, it may be noted that the spectrum obtained in Fig. 7 shows higher values of the components than the spectrums shown in Figs. 8 or 9 . It is because no averaging of the data has been done in Fig. 7 while computing the frequency spectrum. On the other hand, the spectrums shown in Figs. 8 and 9 are averaged FFTs. It is more logical to talk about averaged FFT rather than absolute FFT, while referring to noise signals. Therefore, it is important that the filter design is based on Bartlett or Welch periodograms (averaged FFTs) and not absolute FFT.
The CM interference spectrum computed from the Bartlett periodogram is shown in Fig. 10 .
An important point to note is that in all the noise spectrums, two limit lines are shown. The upper limit line is the Fig. 10 . CM noise spectrum of the SMPS (without EMI filter) computed by the developed software from Bartlett periodogram.
standard limit line as defined in CISPR standard [13] . The lower limit line is 6 dB below the upper limit line. The filter design is done for this lower limit line (and not the actual one), so as to have sufficient margin. It can be seen that DM interference, for the SMPS considered, is above the limit line over the whole frequency range and, hence, requires a power line filter. For determining the filter components' values, Bartlett or Welch periodogram may be considered. Both give nearly similar results. In this work, the former has been used.
Using a 40-dB/decade slope line in Fig. 10 , the cutoff frequency for the CM interference spectrum is 47 kHz. It is important to note that the attenuation provided by the second-order filter is 40 dB/decade only under ideal conditions, neglecting the effects of parasitic elements. At high frequencies, the presence of parasitic elements will reduce the attenuation provided by the filter [12] .
The CM filter capacitor contributes to the ground leakage current of the equipment in which the filter will be installed. The ground leakage current requirement of the equipment in this work has been taken as 1.0 mA. The value for CM capacitor is computed as follows: If V p and f are the peak amplitude and frequency, respectively, of the power line voltage and i g is the ground current requirement of the equipment, where the filter is installed, then the magnitude of the CM capacitor is given by
However, since there could be a variation in the magnitude of the line voltage by almost 15%, a safety factor K f = 1.3 is included in C y . Therefore
The values of variables in (13) are i g = 1.0 mA, f (power line frequency) = 50 Hz and V (peak voltage) = 314 V. The CM filter capacitance value turns out as C y = 6082 pF. Equation (14) is used to take into account the effect of voltage variation. The modified CM filter capacitance value is C y ≈ 4700 pF. The CM choke is a source of radiation, so arbitrary large values for CM choke cannot be used. The value Fig. 11 . DM noise spectrum of the SMPS (after incorporation of EMI filter) computed by the developed software using the Bartlett periodogram.
for CM choke is given by the equation
where f CCM is the CM filter cutoff frequency. The values of variables in (15) are f CCM = 47 kHz and C y ≈ 4700 pF. The CM filter inductance value turns out to be L c = 1.2 mH. Since safety has a higher priority than EMI elimination, a smaller value of C y , and hence a larger value of L c is used while designing the EMI filter.
The cutoff frequency f CDM for DM interference spectrum given by the FDS is 50 kHz. This is in close agreement with the value obtained with the calculations as shown below.
The DM plot shown in Fig. 8 starts from 150 kHz. EMI level at 160 kHz is 80 dB µV, which exceeds the limit line by 20 dB. So the filter should provide an attenuation of 20 dB at 160 kHz. At f CDM , the attenuation provided by the filter is 0 dB. The slope of the attenuation line is 40 dB/decade. Using the equation of a straight line, the following expression can be written:
which yields f CDM = 50.59 kHz (≈50 kHz). For DM filter, the leakage inductance of the CM choke coil acts as the DM choke coil. The leakage inductance of the CM choke coil was found to be 24 µH, sufficient to eliminate the DM interference. Hence, no additional DM choke coil was added into the circuit. DM capacitors attenuate the 50-Hz line signal, which is not desired. Therefore, arbitrarily chosen large values of DM capacitors cannot be used. The value for DM capacitor is computed as follows. If L d is the inductance of the DM choke coil, then the value of the DM capacitances is given by
where f CDM is the DM filter cutoff frequency. Using L d = 24 µH, the values obtained from (17) are
The DM and CM noise spectrums, after inserting the designed filters, are shown in Figs. 11 and 12 , respectively. To compare the performance of the time-domain technique with the conventional technique (using SA), a set of spectrums corresponding to Figs. 8 (or 9) and 10 are given in Fig. 13(a) and (b) . 
V. CONCLUSION
A simple and cost effective EMI filter design technique, based on time-domain measurements, has been presented. Implementation of this scheme requires minimum hardware, obviating the need for expensive equipment such as the spectrum analyzer and proprietary items such as the CM-DM separator. The noise data is acquired, through an LISN, using the inbuilt acquisition power of a DSO. This data is then processed by using the especially designed software (FDS) to predict and display the frequency spectrum of the noise using various algorithms such as FFT, Bartlett and Welch periodograms. It is observed that the use of direct FFT may be misleading in the design of EMI filters. Instead, Bartlett or Welch periodograms should be used. In the work described here, Bartlett periodogram is considered because the memory requirement is less for computing power spectrum using Bartlett periodogram which could be a crucial issue in some DSO's with limited memory. The frequency spectrum information is then used to design the filter components for CM and DM noise. If a powerful DSO is available, the FDS can reside and execute in the DSO's memory itself. Otherwise, the data from the DSO may be transferred to a PC. This makes the proposed scheme highly versatile, since a PC and high performance DSO is available in almost every electronic laboratory.
Since the data analysis is carried out using software, any amount of signal processing is possible. The signal processing methods can provide an estimate of power spectrum with an accuracy of 3 dB. For example, implementation of the RMS detector, the average detector, and the quasi peak detector is feasible. The statistical analysis of the data is also possible like, for example, the computation of variance in the determination of power spectrum estimate.
The proposed time-domain method does not claim to replace the conventional EMI measurement methods for EMC testing of any equipment. Nevertheless, the paper has described a fast and convenient method of designing power line filters.
